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Abstract 
The effect of the strain rate, stress triaxiality and temperature on the fracture properties of Ti6Al4V is studied. First, 
static and dynamic in-plane tensile, shear and plain-strain tests are carried out. Classical measurements are combined 
with full field strain measurement by means of digital image correlation to assess the local strain during deformation. 
In addition, finite element simulations are used to gain more insight into the specimen behavior. Second, the fracture 
surface and the surrounding material are studied with electron microscopy. Thereby, void density and distribution are 
measured. It is found that the void density decreases very fast with increasing distance from the fracture while a more 
gradual decrease of the average void size is observed. Besides on the amount of strain, the void density depends on 
the stress triaxiality. Furthermore, the stress triaxiality during plastic deformation of the specimen is important. In 
contrast, the effect of the strain rate on the fracture properties is rather limited. Except for high strain rate shear tests 
where the formation of an adiabatic shear band precedes ductile fracture. 
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1.  Introduction 
The way in which materials fail is determined by the material properties and the loading conditions. 
The latter involves the stress triaxiality, temperature, strain rate and load repetitions (fatigue). The 
fracture type is characterized not only by macroscopic features like fracture strain, energy and 
morphology, but also by microscopic features such as fracture surface structures (existence, size and 
shape of dimples) and micro-damage (voids, shear bands and micro-cracks). The relation between the 
 
* Corresponding author. Tel.: +32 9 264 34 36; fax: +32 9 264 35 87. 
E-mail address: Jan.Peirs@UGent.be. 
doi:10.1016/j.proeng.2011.04.385
Procedia Engineering 10 (2011) 2336–2341
1877-7058 © 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ICM11
Open access under CC BY-NC-ND license.
© 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ICM11
Open access under CC BY-NC-ND license.
J. Peirs et al. / Procedia Engineering 10 (2011) 2336–2341 2337
parameters affecting fracture and the resulting fracture characteristics is a very important topic. 
Obviously, the prediction of the fracture characteristics from the material properties and loading 
conditions requires for a multilevel approach based on experimental data [1]. 
Many ductile fracture models (e.g. Gurson type models) are based on the nucleation, growth and 
coalescence of voids. Evolution of void density, distribution and shape is influenced by the loading 
conditions [2]. Parameters for these ductile fracture models are frequently obtained through a fitting or 
optimization procedure. However, physically justified identification of the model parameters requires the 
measurement of the void densities leading to fracture.  
In this work, the results of an experimental test program on Ti6Al4V are presented. The goal is the 
experimental observation and analysis of fracture in this material. Quasi-static and high strain rate tests 
with three different stress triaxialities are conducted to obtain a variety in loading conditions. Afterwards 
the region around the fracture is analyzed with electron microscopy to study void occurrence qualitatively 
and quantitatively. 
2. Methods 
Three different planar specimens are used for studying the fracture behavior at a theoretical stress 
triaxiality of 0 (pure shear), 0.33 (uniaxial tensile) and 0.66 (plain-strain). The specimens are 
manufactured by electrical discharge machining (EDM) from a 0.6mm thick titanium sheet. Figure 1 
shows a sketch of the specimen geometries used. The hatched area is used for fixing the specimen in the 
test set-up with glue. All specimens are loaded with a tensile force.  
 
Fig 1. Specimen geometries: shear, tensile and plane strain. 
For the high strain rate tests a split Hopkinson tensile bar set up is used. The setup basically consists of 
two aligned 25mm aluminum bars with the specimen placed in between. A tensile wave generated at the 
free end of the input bar propagates along the input bar towards the specimen. This wave interacts with 
the specimen and is thereby partly reflected back into the input bar and partly transmitted into the output 
bar. The strain histories corresponding with the loading, reflected and transmitted wave are measured by 
means of strain gauges attached on the Hopkinson bars. From those waves, the total force and 
deformation history of the specimen is determined, based on the principles of one-dimensional elastic-
wave propagation in slender bars. Strain rates achieved with the Hopkinson technique are typically in the 
order of 103s-1.  
For the quasi static tests an electromechanical tensile machine is used. Just like for the dynamic tests, 
the specimen is glued into grooves of short 25mm diameter aluminum bars to obtain the same boundary 
conditions as in the dynamic test. The aluminum bars are mechanically clamped into the machine. 
Because of the small specimen size, an extensometer could not be used. Three LVDTs are used instead. 
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Local full-field strain measurements are done with digital image correlation (DIC) [3]. A high speed 
camera is used to record the deformation of the specimen which has a speckle pattern painted on it. 
Finite element simulations of the three tests are performed in Abaqus/Explicit to assess parameters 
difficult to measure such as local stress and strain and strain triaxiality. 
3. Experimental results 
The results of shear, uniaxial tensile and plain-strain tests are shown on figure 2. Since a Hopkinson 
test yields only the elongation and force, it is not straightforward to determine the local stress and strain. 
For the three tests, the stress is estimated by assuming a homogeneous stress distribution. The strain can 
only be determined in this way for the tensile specimen and at low strains because necking starts very 
early. Additionally, for the shear and tensile test the local strain is determined with DIC [3].  
For each specimen, a static and dynamic test curve is given, demonstrating the large influence of the 
strain rate on the plastic material behavior. At higher strain rates, the different specimens have in common 
a higher stress and a lower average strain/displacement. The DIC results show that the lower average 
strain/deformation is only partly due to a higher local strain because the strain is more localized in the 
dynamic test. 
 
Fig 2. Average stress-strain or stress-displacement curves and local strain in the central region of the specimens. From left to right: 
shear, tensile and plane strain. 
Even with DIC it obtaining the correct fracture strain is not straightforward because the speckle pattern 
becomes very much distorted and the strain is extremely localized. Therefore the fracture strain in the 
tensile and plain strain specimen is also determined by post mortem measurement of the cross sectional 
area reduction of the sample. Furthermore this strain value is compared with the strain given by the finite 
element simulation at the moment of fracture. Combination of these three methods (DIC, cross section 
and FE) gives a fairly good estimation of the fracture strain. The fracture strain together with the 
simulated stress triaxiality is shown in figure 3. It can be seen that the fracture strain in the plain-strain 
specimen is lower than in the tensile specimen which could be expected under the higher stress triaxiality. 
However, in the static shear test the fracture strain is more or less the same as in the static tensile test 
although the stress triaxiality is lower. In the dynamic shear test, the fracture strain is even lower. The 
lower fracture strain in dynamic shear compared with static shear can be explained by adiabatic shear 
localization. There is no obvious relation between the stress triaxiality and fracture strain. In addition, it is 
noted that the stress triaxialities at the moment of fracture in the plain-strain and tensile specimen are 
similar. 
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Fig 3. Fracture strain for different stress triaxialities 
To further investigate the origin of the fracture under the different load conditions, micrographs in the 
fracture region are taken with a SEM. An micrograph for each specimen can be seen in figure 4. The 
darker regions are the hexagonal ɲ-phase and the light narrow regions are the cubic ɴ phase. Voids appear 
black in these backscattered electron images. Clearly the number of voids present in the material next to 
the fracture is very much influenced by the stress triaxiality. Almost no voids are observed in the shear 
specimen, a lot of voids can be seen in the tensile specimen and only few voids are present in the plain 
strain specimen. The material withstands the highest void fraction before fracture in a uni-axial stress 
state. In plain-strain, as soon as the first voids appear at approximately 20%-25% of plastic strain, the 
material fails. In shear, void growth is retarded because of the low stress triaxiality. Moreover the voids 
have a more elongated shape which makes them more difficult to see. Fracture in the shear specimen 
occurs by localization of the strain in a narrow band, leaving the neighboring material with a low void 
fraction. 
It is marked that nearly all voids appear in the ȕ phase that is spread in thin slices between the Į phase. 
The voids also tend to form groups or sometimes several voids are found close to each other in a row. As 
a consequence of this inhomogeneous distribution, a small number of voids can be enough to cause void 
coalescence and fracture. 
Micrographs of the fracture surface are also taken to study the occurrence of dimples. Dimples are 
found for the three different test specimens but their size is differs: in shear the dimples are larger (14ȝm) 
than in uniaxial tension (5.5ȝm) and plain-strain (6ȝm). 
 
 
Fig 4. SEM micrographs of fracture, from left to right: shear, tensile and plain strain. Identical magnification is used for the tensile 
and plain strain specimen while higher magnification for the shear specimen. 
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A quantitative void analysis is made to compare the different load cases in-depth. Voids >±0.25ȝm are 
recognized with the image processing software ImageJ. The void fraction, average void density and void 
size within a distance of 100ȝm to the fracture are calculated. The values are compared for tensile vs. 
plain strain and static vs. dynamic tests (figure 5). Obviously, the number of voids and the void fraction is 
proportional with the strain. On the other hand the average size of the voids is similar in the tensile and 
plain strain test. From this result it is postulated that the void nucleation is mainly determined by the 
strain while the void growth and coalescence is determined by the stress triaxiality. Between the static and 
dynamic tests no significant differences in the number of voids and their average size is found. 
 
Fig 5. Comparison of fracture strain and average void characteristics in a region until 100ȝm from the fracture (void fraction F%, 
density #/mm2, size in ȝm2) in tensile and plane strain specimens and comparison of static and dynamic tests. 
More information on the local distribution of voids is obtained by quantifying the voids in strips of 
25ȝm width, parallel to the fracture. It is important to remark that since the fracture surface is not straight, 
there is a certain variation of the distance of the strip to the fracture which affects the accuracy of the 
statistical results, especially in the region very close to the fracture. In each of these band-like regions the 
number of voids, void density and average size is calculated. This is done for the static and dynamic tests. 
Average values for the tensile and plain strain specimens are shown in figure 6. 
The number of voids and the void fraction decreases fast with increasing distance from the fracture. 
Especially in the dynamic tests, at a distance of >0.3mm, only a smaller number of voids is observed. The 
finite element simulations indicate that the strain in this region is higher than approximately 25%. Visible 
voids only occur in the vicinity of the fracture what means that the voids arise at high strains after 
necking, just before fracture. A power law is fitted to the void fraction results: the exponent is -1.13 for 
the static test and -1.61 for the dynamic tests. It is clear that in the dynamically loaded specimens the void 
distribution is more localized: the region with high void density is smaller. This can be expected since the 
strain is more localized in the dynamic tests. On the other hand, the void fraction measured nearby the 
fracture (25-50ȝm) is approximately 0.6-0.7% for both the static and dynamic load case. 
The difference between the average void size in the static and dynamic tests is similar: the void size is 
slightly more constant in the static test compared to the dynamic test. Several large voids are present close 
to the dynamically formed crack while further away the voids size decreases significantly. 
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Fig 6. Distribution of void density, void fraction and void size in function of the distance to the fracture for static (left) and dynamic 
(right) tests. Power law is fitted to the void fraction F%. 
4. Conclusions 
Static and dynamic shear, uniaxial tensile and plain strain tests on Ti6Al4V sheet have been carried 
out. The fracture characteristics are compared between the different stress states at the one hand and strain 
rates at the other hand. The stress triaxiality has a clear influence on the fracture strain while the strain 
rate has only an important effect on the fracture strain in shear. Furthermore, micrographs are taken to 
investigate the presence of voids nearby the fracture. In general, the voids are heterogeneously distributed 
in groups. Large influence of the stress triaxiality on the macro- and microscopic fracture properties of the 
material is found. A small number of voids is observed in the shear and plain strain specimens while a 
large number of voids is seen in the tensile specimen. Due to the higher stress triaxiality in plain strain, 
few voids are enough to cause fracture. In shear, high but very localized strains in a zone of a few 
micrometer is obtained before fracture, especially for the dynamic shear tests. For the tensile and plain 
strain tests no important differences between void characteristics are found when comparing static and 
dynamic tests. The only difference is the distribution of the voids which is more localized in the dynamic 
tests. 
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